In eukaryotic organisms, DNA and highly basic nuclear proteins, the histones, constitute the nucleosome, which is the essential structural subunit of the chromatin. The fact that the N-terminal extensions of the core histones contain distinct sites for various posttranslational modifications alters our view of chromatin as being a static entity for the efficient packing of the genomic DNA into the nucleus of the cell. Today it is accepted that, in addition to its structural role, chromatin has an important regulatory function during DNA replication and repair, cell cycle control, cell aging, and transcription (for a review, see reference 59) .
Antagonistic enzymes such as kinases/phosphatases (10, 39) , histone methyltransferases/demethylases (for a review, see reference 9), and histone acetyltransferases/deacetylases (for a review, see reference 38) are responsible for a dynamic equilibrium of chromatin regulating modifications of the histone tails.
The acetylation of distinct lysine residues of H2A, H2B, H3, and H4 is the most prominent dynamic histone modification allowing or denying the access of numerous regulatory proteins, such as transcription factors, to distinct regions of genomic DNA. Although histone acetylation is by far the beststudied type of histone modification, our understanding of how this modification is linked to processes such as the regulation of transcription is still very limited. However, acetylated histones are a characteristic feature of transcriptionally active chromatin (2) , and hypoacetylated histones accumulate within transcriptionally silenced domains (30, 63) . Within the last decade a great number of histone acetyltransferases were analyzed and identified in many organisms as coactivators of transcription. The dynamic process of acetylation can be reversed by histone deacetylases (HDACs), and in many cases removal of acetyl groups leads to repression of transcription. Consequently, HDACs were often found as corepressors in large multiprotein complexes. However, a number of experiments during the past years with Saccharomyces cerevisiae and other model organisms provided evidence that deacetylation of histones can contribute to transcriptional activation as well (for a review, see reference 29) .
HDACs are classified into three groups, which share no sequence similarities with each other: (i) the "classical" HDACs, which are divided into several subgroups (for a review, see reference 12); (ii) the silent information regulator 2 (SIR2) family (sirtuins), which are NAD ϩ -dependent enzymes that hydrolyze one molecule of NAD ϩ for each lysine residue that is deacetylated, are phylogenetically conserved, and are required for transcriptional silencing in yeast (for a review, see reference 4); and (iii) the plant-specific HD2-type HDACs, which might have a function in plant-specific pathways or might have taken over functions corresponding to those carried out by other HDACs in nonplant organisms (for a review, see reference 35) .
Unfortunately, nomenclature for the classical HDAC family is confusing and not yet uniform. Recent phylogenetic analyses revealed that there are at least three subgroups of classical enzymes: the RPD3 proteins (class 1), termed according to the homology to a transcriptional regulator in Saccharomyces cerevisiae (54) ; the HDA1 enzymes (class 2), displaying high similarity to yeast HDA1 (47) ; and a novel subgroup of enzymes (referred to as class 4-type enzymes) that includes, among others, human HDAC11 and HDA2 of Arabidopsis thaliana (21) .
Yeasts and filamentous fungi contain members of all classical subgroups, with the exception of class 4 enzymes (for a review, see reference 20); instead, HOS3, an unusual type of enzyme which shows conserved domains primarily with class 2 HDACs but also exhibits some characteristic individual sequence motifs, was identified in yeast (47) . Some of these motifs were thought to be responsible for the remarkable biochemical features of HOS3 (7) . One of these features is a distinct resistance against HDAC inhibitors, such as trichostatin A.
Recently we have identified members of this HDAC type in the fungal plant pathogen Cochliobolus carbonum and in the filamentous fungi Neurospora crassa, Aspergillus fumigatus, and Aspergillus nidulans (56) . We could show that expressed recombinant HosB, the HOS3 homolog in A. nidulans, not only is resistant to trichostatin A but also possesses intrinsic enzyme activity.
However, not HosB but the second class 2 type enzyme in the fungus, HdaA, was assumed to be a main contributor to HDAC activity in Aspergillus. Here we demonstrate that recombinant HdaA shows strong intrinsic HDAC activity and that disruption of the corresponding gene indeed results in the loss of the main HDAC activity of the fungus. Moreover, ⌬hdaA strains display a remarkable reduction of growth under different conditions of oxidative stress. In clear contrast to the hdaA mutants, no phenotype could be observed in ⌬hosB strains.
MATERIALS AND METHODS
Strains and growth conditions. Vectors and plasmids generally were propagated in Escherichia coli DH5␣ cells (Life Technologies). For the production of active recombinant HdaA, E. coli BL21 (Novagen) was used as the host for expression. All Aspergillus strains used in this study were derived from A89 (biA1; argB2) for the deletion of hosB and from A768 (pyrG89 yA2; riboB2; chaA1) for the deletion of hdaA; both strains were provided by the Fungal Genetics Stock Center (Kansas City, KS). Unless otherwise noted, strains were grown at 37°C in 1-liter Erlenmeyer flasks with 250 ml minimal medium (MM) as described previously (44) , supplemented as required for 18 to 24 h in shake culture or for 3 to 4 days in stationary culture. The final concentration of spores for the inoculation was 1 ϫ 10 7 /ml. Disruption of hdaA and hosB and generation of hdaA/hosB deletion mutants. For cloning, standard molecular techniques were performed as described previously (49) . Disruption of hdaA was achieved by targeted gene replacement. Transformation of the A. nidulans strain A768 was performed with a 3.9-kb hdaA fragment in which the HdaA-encoding sequence was replaced by the orotidine-5Ј-monophosphate decarboxylase-encoding gene (pyrG) of Aspergillus fumigatus as a heterologous marker in an A. nidulans pyrG uridine/uracil auxotroph. In a first step a 5.3-kb DNA fragment including the coding region of hdaA and about 900 bp of the 5Ј and 1,200 bp of the 3Ј noncoding regions was amplified by PCR from cosmid W27G12 of a chromosome-specific library of A. nidulans constructed in pWE15 (13) and pLORIST2 (18) , respectively. Primers used were hdaAKofor (5Ј-GGCGCATCGATCCTTGGTCTATTAAGTTGCC) and hdaAKorev2 (5Ј-TATAGCGGCCGCGACAGATCGTACCACACC) with add-on restriction enzyme cleavage sites for ClaI and NotI (underlined). After digestion, the amplification product was inserted into the identically cut plasmid pBluescript-KS (Stratagene). Subsequently, the coding sequence of hdaA was excised with MluI and SpeI and was replaced by the pyrG gene of A. fumigatus from the plasmid pAfpyrG2 (61) . For transformation of the fungus, the hdaA 5Ј and 3Ј noncoding regions encompassing the pyrG coding sequence were excised from the vector with ClaI and NotI, respectively, and gel purified. Transformation of A. nidulans A768 was carried out with 5 to 10 g of the purified fragment as described previously (55) . Protoplasts growing under selective conditions were further screened for hdaA deletion by a PCR approach. In order to obtain transformants with a homologous integration of the deletion fragment, colonies from homokaryotic spores were picked, and (single) genomic integration was confirmed by Southern blot analysis as described earlier (19) .
hosB null mutants were generated using a 5.4-kb hosB fragment in which the HosB-encoding sequence was replaced by the ornithine carbamoyltransferaseencoding gene (argB) from A. nidulans (3) as an auxotrophic marker in the argB auxotrophic strain A89. In a first step the HosB-coding sequence and about 1,000 bp of each of the 5Ј and 3Ј noncoding regions were amplified from cosmid W25F06 as described above, using primers hosBKofor (5Ј-TTATTAGCGGCC GCGAGTCGACTTGAGAATC) and hosBKorev (5Ј-TTATTACCATGGGCC ACGGGTATATCAGC) with add-on restriction enzyme cleavage sites for NotI and NcoI (underlined). The PCR product was cloned into a pGEM-5Zf(ϩ) vector (Promega), and the hosB coding sequence was excised with EcoRI and SpeI and was replaced with the argB sequence. The transformation of strain A89 was performed after elimination of the GEM-vector with ApaI and NotI. Five to 10 micrograms of the gel-purified fragment was used for the transformation procedure. Screening of transformants was done as described above.
To generate hosB/hdaA deletion mutants, the obtained ⌬hosB strains were crossed with ⌬hdaA strains on agar plates containing MM without biotin and riboflavin as described previously (25) . From these crosses, hdaA/hosB deletion strains were identified by a PCR approach and were confirmed by Southern blot analysis as described above.
Expression, purification, and analysis of recombinant HdaA in Escherichia coli. For recombinant expression of full-length HdaA and the C-terminally truncated HdaA fragments in E. coli, the corresponding coding sequences were cloned in frame into a pGEX-6P-1 expression vector (Amersham Biosciences). The peptides were expressed in BL21 cells in LB medium. Twohundred-milliliter cultures with an OD 600 of 0.4 were induced with a final concentration of 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) and grown for 4 h at 37°C. After centrifugation of cells at 4,000 ϫ g, the pellet was resuspended in 10 ml of glutathione S-transferase (GST) binding buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.3). Cells were passed through a French press (pressure setting, 1,000 lb/in 2 ), and the resulting lysate was centrifuged at 25,000 ϫ g for 15 min at 4°C. Aliquots of the soluble extracts were analyzed for expression products by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). In a final step, the GST fusion proteins were purified from the supernatant in a batch approach using glutathione-Sepharose 4 Fast Flow beads (Amersham Biosciences), and the eluate was measured for HDAC activity.
To determine the apparent molecular weight of active recombinant HdaA, gel filtration chromatography was performed using a TSK G4000PWXL (7.8-by 300-mm) column (Tosoh Bioscience) calibrated with protein standards of the following molecular masses: 2,000 kDa (blue dextran 2000), 440 kDa (ferritin), 232 kDa (catalase), 67 kDa (bovine serum albumin), and 25 kDa (chymotrypsinogen A). Before the loading of the TSK column, the GST tag of the recombinant HdaA was cleaved for 3 h at 4°C on a GSTrap, using PreScission protease (Amersham Pharmacia Biotech) according to the manufacturer's instructions. Recombinant cleaved HdaA was eluted with PreScission protease buffer, while the GST moiety of the fusion protein and the PreScission protease remained bound to GSTrap. Eluted cleaved HdaA was analyzed by SDS-PAGE, concentrated 15-fold with a Centriprep YM-10 centrifugal filter device (Millipore), and loaded onto the TSK column. The flow rate of the column was 0.3 ml/min at 4°C, and the absorbance was monitored at 280 nm. Finally, the HDAC activity present in individual fractions of the column was determined.
SDS-polyacrylamide gel electrophoresis and immunoblotting. HDACs or recombinant HDACs were analyzed by SDS-PAGE (10% precast Tris-glycine polyacrylamide gels and NuPage bis-Tris gels [Invitrogen], respectively). When required, gels were blotted onto Hybond ECL nitrocellulose membranes (Amersham Pharmacia Biotech) at 25 V for 2 h and membranes were blocked with 5% (wt/vol) skim milk in Tris-buffered saline (20 mM at pH 7.4) for 2 h. Membranes were incubated with 1:1,000-diluted affinity-purified antibodies against fungal HDACs (56) in 2% skim milk in Tris-buffered saline at 4°C overnight. After washing, membranes were incubated for 2 h with alkaline phosphatase-conjugated anti-rabbit immunoglobulin G (1:10,000; Sigma), and immunodetection was performed using the enhanced chemiluminescence detection system (ECL; Amersham Pharmacia Biotech) or the naphthol As-Mx Phosphate/Fast Red TR detection system (Sigma) according to the manufacturer's instructions.
Immunoprecipitation. For immunoprecipitation experiments, 50 l of partially purified HDAC fractions of A. nidulans (SourceQ chromatography) was mixed with 1.6 l of affinity-purified HDAC antibodies (12.5 g/l) and 30 l of protein A-Sepharose, equilibrated with buffer B, and incubated for 2 h with shaking at 4°C. To avoid unspecific binding, the mixture was adjusted to 300 mM VOL. 4, 2005 HISTONE DEACETYLASE HdaA AND OXIDATIVE STRESS 1737
NaCl. After centrifugation for 2 min at 500 ϫ g, the supernatant was saved for HDAC assay and protein blotting. Pellets were washed three times with 500 l of buffer B (15 mM Tris-HCl, pH 8.0, 0.25 mM EDTA, 1 mM 2-mercaptoethanol, 10% [vol/vol] glycerol)-300 mM NaCl and finally resuspended in 20 l of buffer B. Entire pellets and 50 l of supernatants were used for the standard HDAC assay. For immunoblotting, precipitates were mixed with SDS sample buffer, boiled, and centrifuged for 5 min at 10,000 ϫ g, and the resulting supernatant was used for SDS-PAGE.
Analysis of oxidatively modified proteins and fluorescence detection of ROS within hyphae.
To analyze reactive oxygen species (ROS)-induced protein carbonylation, 50 mg of lyophilized mycelium was extracted in 600 l of 50 mM Na-phosphate buffer, pH 7.0, in an MM 300 Retsch mixer mill (QIAGEN). After removal of insoluble cell debris by centrifugation (20,000 ϫ g, 10 min, 4°C), protein carbonyl groups in the soluble cell fractions were derivatized with 2,4-dinitrophenylhydrazine (Sigma) according to a protocol described previously (32) . Samples (15 g) were separated by SDS-PAGE, and proteins were immunodetected by an antidinitrophenylhydrazine antibody (1:1,000; Dako) as described previously (5) .
To analyze ROS within hyphae, 1.5 ϫ 10 6 spores were inoculated in petri dishes containing 15 ml complete medium with coverslips on the bottom of the dishes, and mycelia were grown on these slips overnight without shaking at 30°C. Subsequently, 5 M dihydroethidium (DHE) (Invitrogen) or 10 M 2,7-dichlorodihydrofluorescein diacetate (H 2 DCFDA) (Invitrogen) was added to the medium and left for 45 min. For positive controls, 5 M of the fungal antibiotic nystatin (Sigma) was additionally added to the medium 20 min prior to washing the hyphae. Subsequently, coverslips with attached mycelia were washed two times with phosphate-buffered saline (pH 7.4), and 10 l Vectashield mounting medium for fluorescence (Vector Laboratories, Inc.) was pipetted onto the hyphae. Mycelia were viewed with a fluorescence microscope (Zeiss).
Partial purification of histone deacetylase activity and histone deacetylase assay. Mycelia of Aspergillus were collected, washed in a sintered glass filter, thoroughly dried with filter paper, and immediately frozen in liquid nitrogen for subsequent lyophilization. Five grams of lyophilized mycelium was ground to powder in an IKA grinding machine, and the powder was suspended in 40 ml of buffer B containing one protease inhibitor tablet (Complete; Roche). The mixture was stirred on ice for 10 min and then centrifuged for 15 min at 32,000 ϫ g at 4°C. The supernatant was used for SourceQ anion-exchange chromatography.
The protein extracts were transferred to a fast protein liquid chromatography column (1.6 by 15 cm) with 13 ml of Source 15Q anion-exchange medium (Amersham Pharmacia Biotech) equilibrated with buffer B. Elution of proteins was performed with 50 ml of a linear gradient of 10 mM to 500 mM NaCl in buffer B at a flow rate of 1 ml/min. Fractions of 1.5 ml were collected and assayed for HDAC activity.
HDAC activity was determined as described previously (52), using [ 3 H]acetate-prelabeled chicken reticulocyte histones as the substrate. Sample aliquots of 50 l of the chromatography fractions were mixed with 10 l of total [ 3 H]acetate-prelabeled chicken reticulocyte histones (1 mg/ml), resulting in a concentration of 11 M. After incubation for 1 h at 25°C, the reaction was stopped by addition of 50 l of 1 M HCl-0.4 M acetylacetate and 0.8 ml ethyl acetate. After centrifugation at 10,000 ϫ g for 5 min, an aliquot of 600 l of the upper phase was counted for radioactivity in 3 ml liquid scintillation cocktail.
Determination of CatB activity. For the determination of catalase activity, native polyacrylamide gels were loaded with protein extracts (25 g) of strains grown in MM for 18 h at 37°C in shake culture and for an additional 3 h with or without hydrogen peroxide (HP). CatB activity was determined by staining as described previously (8) . As a loading control, aliquots of the protein extract were loaded onto a SDS-polyacrylamide gel and stained with Coomassie blue.
Northern blot analysis. Transcription levels of HDACs in the deletion strains were analyzed by Northern hybridization. RNA preparation, blotting, and hybridization were done as described earlier (19) . For studies of expression of detoxifying enzymes of the cellular antioxidant response under oxidative stress conditions, the strains were grown in MM for 18 h at 37°C in shake culture and for an additional 3 h with various concentrations of menadione or H 2 O 2 . Transcripts on the autoradiograms were quantified with a Personal Densitometer SI (Amersham Biosciences) equipped with Image-Quant software. Results were corrected for loading and blotting of mRNA by using the ␥-actin gene of A. nidulans (14) as an internal control (data not shown). Reliability of the obtained densitometric results was confirmed by measurements of different amounts of RNA.
RESULTS

Disruption of class 2 HDAC genes in
A. nidulans. Disruption of hosB, hdaA, and hosB/hdaA was done as described in Materials and Methods. In order to confirm putative deletion mutants and to determine the number of additional randomly integrated deletion constructs, Southern blot analyses were performed (data not shown). In the case of the hdaA transformants, 3 of 26 independent transformants (H4, H6, and H14) exhibited the expected pattern of DNA hybridization for a single gene replacement. In two of the ⌬hdaA strains, additional fragments were integrated. Three strains (H1, H7, and H8) carried a randomly integrated selection marker without a deletion of hdaA.
Southern analysis of hosB transformants revealed two ⌬hosB strains (B6 and B14) with a single integrated marker (data not shown). Seven strains carried one or more randomly integrated fragments without an hosB deletion.
Crosses of ⌬hdaA with ⌬hosB strains resulted in eight independent hdaA/hosB double mutants. Two of these strains (HB20 and HB44) were further analyzed.
In all analyses, prototrophic strains with a single randomly integrated selection marker without deletion of HDAC genes served as controls and are characterized as wild type (wt). Finally, all deletion strains were checked for a loss of expression of the corresponding transcripts by Northern blot analysis. In contrast to the controls, no transcripts could be detected in the deletion strains (data not shown).
In order to find evidence for a possible compensation of lost HDAC activities in the deletion strains by other HDACs, Northern blot analyses were performed with mRNAs of the deletion mutants, using probes against all classical HDACs. However, no change in the transcription rates could be observed in the deletion mutants compared with the wt strains (data not shown).
HdaA is responsible for the main HDAC activity in A. nidulans. To determine to what extent the HDAC activity of the fungus was affected by the deletion of hosB or hdaA, protein extracts of the corresponding null mutants and controls were subjected to SourceQ anion-exchange chromatography. Identical elution profiles of HDAC activity were observed in the controls and ⌬hosB strains. In both cases, the main HDAC activity eluted at a salt concentration of 270 mM as described previously (56) . In contrast, the activity peak of the hdaA deletion strains (H4, H6, and H14) was significantly reduced and eluted at 320 mM (Fig. 1A) . Western blot analysis with an anti-HdaA antibody revealed that the loss of the core activity was accompanied by a loss of the HdaA-specific signal at 98 kDa in fractions 22 to 28 (Fig. 1B) . The intensity of the HdaA signal in the controls exactly corresponded to the main HDAC activity (peak fraction 24), confirming that HdaA accounts for the predominant HDAC activity of the fungus. All data shown in Fig. 1 are derived from H4 as the ⌬hdaA strain and H1 as the wt strain. However, the same results were achieved with two other independent deletion strains and controls (data not shown).
In order to substantiate an earlier assumption that the remaining HDAC activity in the ⌬hdaA strain comes exclusively from the class 1 enzyme RpdA (56) and to rule out the possibility that activities of other enzymes (HosA or HosB) contrib-ute to the activity peak in the ⌬hdaA strains, immunoprecipitation experiments were performed. In the control strains, the HDAC activity of fraction 24 was quantitatively precipitated with the anti-HdaA antibody, whereas the activity of fraction 26 could be only partially depleted. However, subsequent immunoprecipitation by an RpdA-specific antibody raised against the nonconserved C-terminal tail of this enzyme resulted in a complete loss of activity in the supernatant of the wt strain (data not shown). In contrast, in ⌬hdaA strains the activity of fraction 26 was quantitatively precipitated by anti-RpdA (Fig.  2A) ; only background activity could be detected in the supernatant after precipitation. Subsequent immunoblot analysis revealed a clear RpdA signal at the expected size of 120 kDa in the pellet (Fig. 2B) .
These results clearly demonstrate that under the growth conditions used, HosA and HosB obviously do not account for detectable HDAC activity in the fungus. HdaA has intrinsic activity as a monomer when expressed in E. coli. With only a few exceptions (7, 53) , purified recombinant HDACs did not exhibit intrinsic enzymatic activity. In order to address the question for HdaA, the full-length enzyme and two C-terminally truncated fragments were expressed as GST fusion proteins in E. coli BL21 (Fig. 3A and B ) and affinity purified with glutathione-Sepharose. Interestingly, significant enzyme activity was detected in the full-length enzyme and the 93-kDa fragment but not in the truncated 72-kDa fragment lacking a part of the conserved N terminus typical for class 2 HDACs (Fig. 3C ). Weak activities above the background in noninduced control strains indicate a leakage of the tac promoter used in the pGEX expression vector (Fig. 3C) . 
Downloaded from
To determine whether HdaA is active as a monomer, gel filtration chromatography was performed with the recombinant full-length HdaA (data not shown). Prior to loading, the GST tag was cleaved with PreScission protease as described in Materials and Methods, and cleavage was analyzed by SDS-PAGE with subsequent Coomassie blue staining. Cleaved recombinant HdaA was then concentrated and loaded onto a TSK G4000 column. The activity peak eluted at an apparent molecular mass of 80 to 110 kDa (data not shown), which is in accordance with the predicted molecular weight of 98,000. Therefore, we conclude that recombinant HdaA is active as a monomer.
Lack of HdaA results in a remarkable reduction of growth under conditions of oxidative stress. In order to analyze possible physiological consequences caused by the loss of the HDAC genes, deletion strains and corresponding controls were grown on media with different carbon sources (glucose, xylose, or xylan), different nitrogen sources (ammonium tartrate or sodium nitrate), or different amino acids (proline or glutamine) as nitrogen and carbon sources. Moreover, strains were grown in shake culture or stationary culture with or without light at a temperature of 25°C, 37°C, or 42°C. Subsequently strains were compared with respect to germination of spores, extension and branching of the filaments, conidiation, or formation of cleistothecia. Whereas no significant differences between controls and mutant strains were found for most of the substrates used, addition of paraquat (PQ) (data not shown) or menadione (MD) (Fig. 4A) led to a distinct inhibition of growth in the HdaA null mutants. Substances such as PQ and MD are known as drugs generating free radicals such as superoxide anions, hydrogen peroxide (HP), and other reactive oxygen species (ROS) and therefore induce oxidative stress.
CatB activity is significantly decreased in hdaA null mutants under conditions of oxidative stress. Changes in the level of intracellular free radicals in general affect defense enzymes such as superoxide dismutases and catalases. To examine whether the reduction of growth of the ⌬hdaA strains under stress-inducing conditions is due to a diminished availability of one or more of these defense factors, we analyzed the transcriptional responses of known superoxide dismutases (40, 41) and catalases (26) of the fungus with different concentrations of MD. Whereas no significant effects on the transcription of most of the detoxifying enzymes were observed, a considerable accumulation of catB transcripts was found with increasing concentrations of MD in the controls but not in the hdaA null mutant (Fig. 5A) . Since CatB is known to be a typical catalase, which detoxifies HP in Aspergillus (27) , transcriptional analysis of catA, catB, and catC was performed with RNAs of strains growing with different concentrations of HP. As shown in Fig.  5B , 0.25 mM HP led to a strong upregulation of catB transcription in the controls. However, in our hdaA deletion mutant strain even a concentration of 1 mM HP did not significantly increase the catB transcription rate, confirming the assumption that HdaA is involved in the expression of CatB under conditions of oxidative stress. In order to confirm these data, CatB activity in protein extracts of the hdaA deletion strains and controls was determined under the same growth conditions as employed for the Northern blot analysis (Fig.  5C) . The zymogram analysis clearly shows that catalase activity increases with the HP concentration in the control strains. As expected, no increase of CatB activity was detectable in the ⌬hdaA strain.
Since inhibition of catB transcription actually was more pronounced with HP than with MD, we checked possible conse- Arrows illustrate the recombinant fragments produced in E. coli. The predicted molecular masses with and without the fused GST tag, respectively, are given. (B) SDS-PAGE of (purified) recombinant HdaA. Fifteen microliters of induced (ϩ) or noninduced (Ϫ) E. coli extracts or aliquots of the purified GST fusion proteins (pϩ) were subjected to SDS-PAGE and stained with Coomassie blue. Molecular masses of marker proteins are indicated; arrows mark the purified recombinant products. Aliquots of the purified fractions were used for the HDAC assay. (C) HDAC activity of purified recombinant HdaA fragments. Fifteen microliters of purified HDAC fragments was used for the HDAC assay (dark bars). As controls, extracts from noninduced cultures were subjected to the same procedures as described for panel B and tested for HDAC activity (light bars). HDAC activity data represent results of three independent experiments. Error bars indicate standard deviations.
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TRIBUS ET AL. EUKARYOT. CELL quences of increased HP concentrations on growth of the hdaA mutants. In fact, 1 mM HP already led to a significant reduction of growth, while 3.5 mM was definitely lethal for the hdaA null mutant (Fig. 4B) . This contrasts to the case for the wt strains (H7 and H8), both of which were able to survive with concentrations of up to 4 to 5 mM HP. To test if the sensitivity against HP is further increased in hdaA mutant strains with an additional deletion of hosB, hdaA/hosB double mutants were generated, grown under the HP conditions described above, and compared with hdaA and hosB single mutants. As shown in Fig. 4B , no further increase in HP sensitivity could be detected in the double mutants; the resistance of hosB deletion strains did not differ significantly from that of the controls. These data clearly demonstrate that HosB neither is involved in the antioxidant defense of A. nidulans nor is able to compensate the sensitivity against oxidative stress in the hdaA null mutants. hdaA deletion mutants show symptoms of oxidative stress even under "nonstress" conditions. Since our mutant strains obviously exhibit a lower stress tolerance in the presence of drugs generating free radicals, we were interested in whether intracellular ROS are accumulated within the cells under growth conditions which do not yet show any phenotype. To address this question, ⌬hdaA strains and controls were grown in MM without ROS-generating drugs, and subsequently proteins of the cell extracts were analyzed for their carbonylation status. Oxidative stress in general leads to damaged molecules and a high percentage of carbonylated proteins within cells (32) . As shown in Fig. 6A , a significant increase in protein carbonylation was evident in the hdaA mutants compared to the wt or the ⌬hosB strains (data not shown), indicating that hdaA null mutants obviously suffer from oxidative stress even under "nonstress" conditions. To further confirm this indication, mycelia of ⌬hdaA strains and controls were incubated with DHE, a redox-sensitive probe which has been widely used to detect intracellular ROS (28, 36) . Interestingly, the fluorescence intensity of hyphae of the ⌬hdaA strains indeed was increased compared to that of the wt (Fig. 6B) . This result together with the data obtained from the carbonylation assay strongly suggests an increased oxidative stress of the hdaA mutants even when no ROS-generating drugs are present in the medium. In order to check if these stress symptoms are due to an already-affected CatB, we performed another fluorescence-based technique using H 2 DCFDA as fluorescent dye. H 2 DCFDA is specific for the detection of HP and secondary and tertiary peroxides. Since HP is the major peroxide within cells, H 2 DCFDA assays in whole cells primarily measure this molecule (46) . As shown in Fig. 6C , no significant differences could be observed between ⌬hdaA strains and the wt. These data and the similar low expression rates of CatB in both the mutants and the wt (Fig. 5C ) suggest that under "nonstress" conditions, ROS other than HP or HP-derived oxidants are accumulated in the ⌬hdaA cells.
DISCUSSION
During the last decade it has become clear that histone modifications constitute an important part of a cell's epigenetic toolbox. Therefore, much effort has been made to identify and characterize enzymes involved in this process, and consequently, the number of identified HDACs has increased during FIG. 4 . Growth phenotypes of HDAC deletion strains under conditions of oxidative stress. Independent A. nidulans ⌬hdaA strains (H4 and H6) were tested for their sensitivity against menadione (A). Moreover, these strains, one of the ⌬hosB strains (B14), and two ⌬hosB/ hdaA double mutants (HB20 and HB44) were tested for their sensitivity against hydrogen peroxide (B). As controls, wt strains H7 and H8 with different random integrations of the pyrG marker were used. (A) Sensitivity of ⌬hdaA strains to increasing concentration of MD. Conidiospores (10 4 ) of the corresponding strains were point inoculated on minimal medium plates containing various concentrations of MD and were grown at 37°C for 72 h. (B) Sensitivity of ⌬hdaA, ⌬hosB, and ⌬hdaA/⌬hosB strains to increasing concentrations of HP. Conidiospores of strains were incubated as described above at 37°C for 18 h. Subsequently, mycelia were overlaid with top agar (0.25%) containing increasing concentrations of HP and were incubated for another additional 30 h at 37°C. (21) . The situation has become even more complex because proteins with high sequence similarities to HDACs are also present in archaea and bacteria, strongly suggesting that in eukaryotes the targets of HDACs are not confined to core histones. As a model organism for lower eukaryotes, the filamentous fungus A. nidulans has only four classical HDAC genes: one gene for each of the class 1 enzymes RpdA and HosA (19) and one gene each for HdaA and HosB, both of which are class 2 HDACs (20) . However, in A. nidulans enzymatic activity was demonstrated only for RpdA and HdaA, both of which act in large enzymatic protein complexes (56) .
Here we demonstrate that deletion of hdaA leads to a significant decrease of HDAC activity in the fungus and that the residual activity indeed can be assigned exclusively to RpdA. No further global HDAC activity was detectable in the ⌬hdaA strains.
These results are in contrast to earlier data, where deletion of yeast HDA1 led to a strong reduction of the major enzyme peak but ⌬HDA1/RPD3 double mutant cells still possessed residual deacetylase activity (47) . It was discussed that the remaining activity may be due to one of three putative HOS HDACs in yeast. Although two of these enzymes (HosA and HosB) are also present in Aspergillus, no further activity could be detected in partially purified protein extracts of this fungus. For the lack of HOS-related HDAC activity in Aspergillus, two explanations are possible. (i) Under the growth conditions used, these enzymes are expressed at very low levels and therefore are below the limit of detection of our HDAC activity assay. In the case of HosB, the absence of an apparent phenotype of the corresponding deletion mutant and a very low hosB transcription in wt strains (56) would argue for this possibility. (ii) HOS proteins have other, still unknown targets rather than histones and therefore cannot be detected with the HDAC assay performed, where in vivo-labeled core histones are used as the substrate. These targets could be similar to those of the HDAC-related enzymes in prokaryotic organisms. Indeed, it was shown recently that members of another HDAC family, the SIR2-related enzymes, have additional roles beyond the deacetylation of histones and mediate diverse other biological functions in eukaryotic and prokaryotic cells (4, 37) . This could be also true for (one of the) HOS proteins. In this case, they would be out of the question to act as a kind of safeguard enzymes when other HDACs are inhibited or deleted. Since a yeast ⌬HDA1/RPD1 double mutant does not (C) CatB activity in protein extracts from H4 (⌬hdaA) and H1 (wt) growing under conditions as described for panel B. Protein extracts were loaded onto a native polyacrylamide gel, and CatB activities were determined by staining as described in Materials and Methods. As a loading control, aliquots used for the zymogram analysis were loaded onto an SDS-polyacrylamide gel and stained with Coomassie blue (lower panel). (1, 56) . However, in this study we neither observed increased transcription of one of the hos genes (hosA or hosB) nor detected an enhanced or novel activity peak in the ⌬hdaA strain. Recently, HOS3 from S. cerevisiae and HosB from Aspergillus were found to exhibit enzyme activity without complex partners when produced as recombinant proteins (7, 56) . Relatively little is known about specific conditions required for enzymatic activity of HdaA. Recent observations, however, provide evidence that HdaA acts within a high-molecularweight complex (molecular weight of about 450,000) in vivo (56) , and other eukaryotic class 2 HDACs were described to be active only in the presence of specific complex partners (15) . Therefore, they do not display activity as recombinant proteins and are strictly dependent on their ability to interact with certain complex partners to exhibit HDAC activity. Based on this and other observations (22, 34, 57, 58, 62) , it was assumed that HDAC4 by itself is not a functional enzyme but serves to recruit preexisting MRT/N-CoR complexes with the class 1 enzyme HDAC3 as the enzymatically active protein.
Our investigation demonstrates that Aspergillus HdaA is active as a recombinant monomer. Moreover, truncated N-terminal fragments of the enzyme are enzymatically active as long as the conserved part of the enzyme remains intact. This intrinsic activity together with earlier results for active recombinant HosB indicates that complex partners are not necessarily required for the enzymatic function of class 2 HDACs in A. nidulans. Recently, a kinetic study on six human HDACs yielded similar results. The data suggest that protein cofactors in HDAC corepressor complexes are not in general required for an enzymatic function of most of the enzymes but may be important for advanced stability of the activity (51) . However, it is undebatable that cofactors play an essential role in the targeting of HDACs within the cell.
Identification of the target genes and biological function of HDACs in various cellular pathways was the object of numerous studies (24, 48, 53, 60) as well as an important aim of this work. Our investigations revealed that oxidative stress-inducing substances such as MD or PQ led to a remarkable reduction of growth in HdaA mutant strains, and relatively low concentrations of HP turned out to be lethal. Oxidative stress is always the result of an imbalance between pro-oxidant species and the levels of antioxidant defenses, resulting from the generation of ROS. In addition to nonenzymatic protective molecules such as glutathione, thioredoxin, vitamins, or uric acids, activities of detoxifying enzymes are involved in the FIG. 6 . Determination of oxidative stress symptoms in strains grown under "nonstress" condition. (A) Pattern of oxidatively damaged proteins. Different ⌬hdaA strains and controls were grown in shake culture for 18 h in minimal medium, and carbonyl groups of soluble protein extracts were derivatized with 2,4-dinitrophenylhydrazine. Subsequently, proteins were separated by SDS-PAGE and either stained with Coomassie blue (left panel) or blotted onto a Hybond nitrocellulose membrane. Immunodetection was performed with an antidinitrophenylhydrazine antibody (right panel). HDAC deletion strains and the corresponding wt controls are indicated; arrowheads mark typical examples of proteins with oxidative modifications in ⌬hdaA strains. (B and C) ROS within hyphae of a ⌬hdaA strain (H4) and a wt strain (H7) were detected by fluorescence-based techniques. DHE is oxidized to ethidium by ROS-like superoxide anions, which was visualized in hyphae as red fluorescence using fluorescence microscopy (B). Peroxides were detected through the use of the nonfluorescent dye H 2 DCFDA, which is hydrolyzed within the cells to 2,7-dichlorodihydrofluorescein. In hyphae, 2,7-dichlorodihydrofluorescein interacts with peroxides to form 2,7-dichlorofluorescein, which was visualized as green fluorescence in the fluorescence microscope (C). As a positive control, strains were grown in medium containing 5 M of the fungal antibiotic nystatin, as described in Materials and Methods.
VOL. 4, 2005 HISTONE DEACETYLASE HdaA AND OXIDATIVE STRESS 1743 antioxidant defenses of biological systems. In contrast to the case for bacteria (11, 17) and yeasts (16, 23, 31) , few data are available on the antioxidative defense system of filamentous fungi. However, several detoxifying enzymes were identified in A. nidulans, including the superoxide dismutases SodA and SodB (40, 41) , three catalases (26) , and a putative catalaseperoxidase, CpeA (50) . Expression analysis revealed that one of these enzymes, CatB, is upregulated with increasing concentrations of ROS in wild-type but not in ⌬hdaA strains. Since CatB is known to be particularly responsible for the detoxification of HP in hyphae and during conidiation (27) , we hypothesize that the failure to upregulate CatB expression is a major reason for the sensitivity of the ⌬had〈 strains against ROS. This assumption is substantiated by the fact that growing colonies from ⌬catB strains showed an increased sensitivity against HP and drugs facilitating intracellular HP formation (27) . Since histone acetylation is generally linked to induction of the corresponding target genes, a direct action of HdaA on the catB locus seems to be unlikely. We suppose, rather, that transcription of catB is indirectly regulated by HdaA, but only limited data about specific regulators (and in particular about repressors) of fungal catalases are yet available. Moreover, it is important to note that biochemical symptoms of oxidative stress were observed in the hdaA mutants even under "nonstress" conditions, where CatB expression is very similar to that of the wt strains. These results strongly suggest that in addition to catB, other, still-unknown targets of HdaA that confer protection against oxidative stress might exist. Genome-wide microarray deacetylation maps of S. cerevisiae confirm this suggestion; it was demonstrated that HDA1, the HdaA homolog in yeast, in general has a preference for genes involved in detoxification and stress response of cells (45) . This is also an interesting aspect in filamentous fungi, since oxidative stress has been implicated in playing a distinct role in the pathogenicity of Aspergillus fumigatus in immunocompromised patients. Upon infection, the pathogen is attacked by ROS produced by alveolar phagocytic cells of the host, which contribute to elimination of the fungus in the respiratory tract (6, 33, 43) . The detoxification of ROS was proposed as one way to overcome this host response, and indeed, a recent study revealed that a CAT1/CAT2 double mutant of A. fumigatus shows a significantly slower development in the lungs of immunosuppressed rats (42) . On the other hand, strong evidence also was found that in addition to catalases, other, still-unknown mechanisms protect A. fumigatus against ROS (42) . Virulence analyses of Aspergillus hdaA deletion strains in animal models will help to determine whether a recently identified HdaA homolog of A. fumigatus (56) is involved in the regulation of these unknown protection mechanisms.
